The polyamines spermidine and spermine (SPM) and their precursor putrescine are ubiquitous polycationic compounds found in all mammalian cells. [1] [2] [3] [4] [5] These compounds are essential for the maintenance of cell growth in many tissues, and intracellular levels of polyamines are maintained within narrow limits.
The polyamines spermidine and spermine (SPM) and their precursor putrescine are ubiquitous polycationic compounds found in all mammalian cells. [1] [2] [3] [4] [5] These compounds are essential for the maintenance of cell growth in many tissues, and intracellular levels of polyamines are maintained within narrow limits.
The polyamines are present in variable amounts in almost all food or foodstuffs. In humans, a typical diet might contribute hundreds of micromoles of polyamines per day to the gut lumen, 6, 7) and ingested food may be the major source of polyamines in the lumen of the upper small bowel. Exogenous polyamines play a role in the maintenance of normal growth and function of the intestinal tract. 8, 9) Oral administration of SPM induces precocious maturation of the intestine. [10] [11] [12] [13] [14] [15] Oral polyamines have also been shown to have beneficial effects on healing 16, 17) and prevention [18] [19] [20] of gastrointestinal damage.
The gastrointestinal tract acts as a barrier against the invasion of exogenous proteins into the body. This barrier function is due to enzymes that degrade the proteins and also due to impermeability of the proteins to the membrane due to their large molecular weight. Because most food-originated proteins are digested in the gastrointestinal tract before absorption, naturally occurring protein uptake from the intestinal epithelium should be low. In reality, however, the barrier function of the small intestinal epithelium in mammals is incomplete and, to a limited extent, macromolecules can pass from the lumen into the circulation. 21, 22) In an in situ loop study and in an in vivo oral absorption study, we showed that polyamines, especially SPM, can enhance the intestinal absorption of fluorescein isothiocyanatelabeled dextran (molecular weight (MW) 4400, FD-4), a hydrophilic model macromolecule, without causing any significant damage in the intestinal tract in rats. 23) We also suggested that the absorption-enhancing mechanism of SPM partly includes opening the tight junctions of the epithelium via the paracellular route by measuring FD-4 permeation and transepithelial electrical resistance in the human intestinal Caco-2 cell line. We have speculated that excess absorption of macromolecules by the action of SPM, one of the compounds in food, has widespread health effects. Thus, modulation of the gastrointestinal epithelial barrier by ingested luminal polyamines may influence the induction of food allergies. Gastrointestinal permeability enhanced by daily ingestion of polyamines plays a part in the regulation of the induction of tolerance because oral tolerance induction is related to the gradual and continuous absorption of a food allergen. 24, 25) In contrast, after sensitization to an antigen, an increase in gastrointestinal permeability by polyamines may facilitate the absorption of the allergen into the circulation and lead to an anaphylactic response as an immediate hypersensitivity reaction to the antigen.
The aim of this study was to determine whether an SPMinduced increase in gastrointestinal absorption of an allergen leads to an anaphylactic reaction in sensitized mice.
First, we examined the effect of SPM on enhancing gastrointestinal absorption of ovalbumin (OVA), as the allergen, in an in situ jejunum loop study in rats and an in vivo oral absorption study in mice. Second, we investigated whether SPM-induced enhancement of gastrointestinal absorption of OVA induced an anaphylactic response in mice sensitized to OVA. Animals Male Sprague-Dawley (SD) rats (6 weeks) and female BALB/C mice (6 weeks) were purchased from Tokyo Experimental Animals (Tokyo, Japan) and maintained in an environmentally controlled room (25°C) with a 12-h light/dark cycle and allowed access to standard laboratory chow (Oriental Yeast Co., Ltd., Tokyo, Japan) and water ad libitum. The experimental protocol and design were approved by the Institutional Animal Care and Use Committee at the Life Science Center of Josai University and were consistent with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.
MATERIALS AND METHODS

Materials
Immunization Protocols Mice were sensitized by intraperitoneal injection with 0.2 ml saline 5 mg OVA (grade V; Sigma) adsorbed to 2 mg of alum. One week after the first immunization, mice were given boosters using the same dose of antigen, and sensitization was carried out at weekly intervals for 5 weeks.
Ex Vivo Studies in Rats (in Situ Closed Loop Technique) Rats (250-300 g) were fasted for 18 h before the experiment and were anesthetized with intraperitoneal urethane (1 g/kg). Ten centimeters of a jejunal loop was prepared after the lumen was washed with saline. OVA was dissolved at a concentration of 0.1 mM in phosphate buffered saline (PBS) (pH 7.4) containing 10 mM SPM. The solution (1 ml) was introduced into the loop via a microsyringe, and blood was withdrawn from the jugular vein at designated times. Blood samples were centrifuged (18000ϫg, 5 min), and the concentration of OVA in plasma was determined at designated times (0, 30, 60, 90, 120, 150, 180 min) over a 3-h period using a two-site enzyme immunoassay using an enzyme-linked immunosorbent assay (ELISA) kit (Morinaga Institute of Biological Science, Inc., Kanagawa, Japan). OVA (grade V; Sigma) was used as a standard sample.
In Vivo Studies in Mice Mice were fasted for 18 h before the experiment. A solution (0.2 ml) of OVA (10 mg) containing SPM (0, 0.2, 0.4, 1.2, 2.0 mg) was administered by gastric intubation. Thirty minutes after administration of OVA, blood was withdrawn from the jugular vein. Blood samples were centrifuged (18000ϫg, 5 min) and the plasma concentration of OVA was determined using a two-site enzyme immunoassay using an ELISA kit.
Determination of Plasma Histamine in Anaphylactic Response
Mice sensitized by OVA were fasted for 18 h before the experiment. The solution (0.2 ml) of OVA (10 mg), with or without SPM (1.2 mg), was administered by gastric intubation. Thirty minutes after administration of OVA, blood was withdrawn from the jugular vein. Blood samples were centrifuged (18000ϫg, 5 min), and plasma histamine levels were measured by the post-column high-performance liquid chromotography method, as described previously. 26) In addition, the plasma concentration of OVA was determined using a two-site enzyme immunoassay using an ELISA kit.
Statistical Analysis The statistical significance of data was determined by the student t-test. A p-value less than 0.05 was considered significant.
RESULTS
Evaluation of OVA Absorption in the in Situ Intestinal
Loop Study in Rats The time course of OVA concentration in plasma after administration into the jejunal loop in the presence of SPM is shown in Fig. 1 . When 1 ml of 10 mM SPM solution containing OVA was administered into the intestinal loop, the absorption of OVA from the jejunum was time-dependently increased by SPM compared with controls (PBS containing OVA). When OVA was administered alone, limited absorption was observed.
Evaluation of OVA Absorption in Vivo in Mice The absorption-enhancing effect of SPM was further evaluated by an in vivo study. OVA concentration in plasma after oral coadministration of OVA and SPM in BALB/c mice is shown in Fig. 2 . We examined whether different doses of SPM (0, 0.2, 0.4, 1.2, 2.0 mg) enhanced the absorption of OVA. The effect of SPM administration on the increase in OVA concentration in plasma appeared to be dose-dependent, and co-administration of 1.2 mg SPM led to the largest increase in the absorption of OVA. the absorption-enhancing effect of SPM on the OVA-induced hypersensitivity reaction, plasma histamine levels in sensitized mice were measured. As shown in Fig. 4 , oral co-administration of OVA and SPM produced an increase in plasma histamine levels compared with oral administration of OVA alone.
Plasma concentrations of OVA were also significantly increased after oral co-administration of OVA and SPM compared with oral administration of OVA alone (Fig. 5) . These results suggest that an increase in gastrointestinal absorption of OVA by SPM may lead to an anaphylactic response. The absorption of OVA in sensitized mice decreased to about 20% compared with that of normal mice after oral administration of OVA. About 600 ng/ml of OVA was detected in the plasma after co-administration of OVA (10 mg) and SPM (1.2 mg) in normal mice; however, only about 130 ng/ml was detected when OVA and SPM were co-administered to sensitized mice (Figs. 2 and 5) at the same dosage.
DISCUSSION
In the present study, we first investigated the enhancing effect of a polyamine, SPM, on the gastrointestinal absorption of a natural protein, OVA, in an in situ closed loop study and an in vivo oral absorption study.
In the in situ jejunum loop study, a significant amount of immune-reactive OVA was detected in the plasma after coadministration of OVA and SPM. The increase in OVA absorption was gradual 1 h after administration. In previous studies, the same tendency was found to occur in terms of jejunal absorption of FD-4 in the presence of SPM. 23) Oral coadministration of OVA and SPM to unanesthetized mice in vivo also increased plasma OVA concentrations in an SPM dose-dependent manner. Although the exact mechanisms of the absorption-enhancing effect of polyamines are unclear, this result could be considered to represent the absorption of OVA under physiological conditions. It has been reported that a significant amount of intact OVA was detected in both the plasma and the lymph fluid after oral administration in rats. 22) The mechanisms of the absorption of macromolecules include paracellular passage and transcellular endocytosis. [27] [28] [29] [30] [31] Intestinal epithelial cells possess a negatively charged surface like other cells. The electrostatic interaction of protein with the intestinal epithelial cells may be a factor determining its intestinal absorption. It has been reported that the intestinal absorption of a protein is, at least partially, determined by its electrical charge. 32) At physiological pH levels, SPM is positively charged and can interact with many anionic structures, including protein. 33) Therefore, SPM may interact with OVA, and interaction of the positively charged amino groups of SPM with the negative membrane components may influence intestinal permeability.
We next investigated whether SPM-enhanced gastrointestinal absorption of OVA induced an anaphylactic response in mice sensitized to OVA. Several studies have reported an anaphylactic response with an increase in concentrations of serum or plasma histamine representing an immediate hypersensitivity response to antigen stimulation after sensitization. 25, 34, 35) Results showed that a significant increase in plasma histamine levels occurred as the immediate hypersensitivity response to antigen stimulation, along with an increase in plasma OVA level after co-administration of OVA with SPM in sensitized mice. In contrast, no increase in either plasma histamine or OVA levels was seen when OVA was administered alone. These results suggest that an increase in gastrointestinal permeability by SPM may facilitate the absorption of OVA into the circulation and may lead to an anaphylactic response, as an immediate hypersensitivity response to OVA, in sensitized mice.
We also found that plasma concentrations of OVA in sensitized mice were significantly lower than levels in normal mice after oral administration of OVA, that is, the absorption of OVA in sensitized mice decreased to about 20% compared with that in normal mice after oral co-administration of OVA (10 mg) and SPM (1.2 mg). These results suggest that gastrointestinal absorption of a specific antigen is influenced by sensitization. It is known that immune responses at mucosal surfaces, including the intestinal epithelium, are characterized by production of immunoglobulin A (IgA), and Peyer's patches are considered a major inductive site for initiation of high-affinity secretory IgA in the gastrointestinal tract.
36) It has been reported that oral OVA-immunization in mice results in the generation of OVA-specific IgA Ab responses in the gastrointestinal tract. 37) Based on the low OVA absorption in sensitized mice compared with normal mice after oral administration of OVA, we speculate that OVA-specific IgA secreted into the gastrointestinal lumen in mice sensitized to OVA might block OVA access to the gastrointestinal epithelium.
Polyamines provided by food have a potential role in the growth and development of the digestive system in neonatal mammals. SPM administered orally to suckling rats causes structural and biochemical changes in the intestinal mucosa comparable to those observed at weaning. 38) As factors that induce maturation of the digestive system, that is, precocious intestinal and pancreatic maturation, 39) dietary polyamines could play a role in the prevention of food allergies. Indeed, oral administration of SPM induces precocious maturation of the intestine resulting in the cessation of macromolecular transport in suckling rats. 10) Dietary polyamines also seem necessary for the maintenance of normal growth and general properties in the adult digestive tract. In addition, cellular polyamines also play a critical role in maintenance of the intestinal epithelial integrity-that is, polyamines are implicated in the regulation of the intestinal epithelial barrier function. 40) Namely, polyamines are also required for normal function of tight junctions.
In the present study, we demonstrated one possibility that modulation of the gastrointestinal epithelial barrier function by excess ingestion of a luminal food component with an absorption-enhancing effect may increase the gastrointestinal absorption of a food allergen and lead to an anaphylactic response in sensitized mammals.
In adult humans, the daily intake of polyamines from a typical diet is estimated at hundreds of micromoles, and significant differences in polyamine concentrations and distribution patterns are observed between food groups. 6, 7, 41) For example, beans show high concentrations of spermidine and SPM, vegetables have higher levels of putrescine and spermidine, and fish, shellfish, meat, and nuts have high levels of SPM. 7) Thus, different dietary habits might lead to variations in polyamine intake. The dose and concentration of SPM selected for the present experiments approximated those used by previous investigators to induce the maturation of the intestine in animals. [10] [11] [12] [13] [14] [15] The dose of SPM used in the present study is well within normal limits.
In summary, we demonstrated that SPM, which is present in variable amounts in almost all kinds of food, can enhance the gastrointestinal absorption of OVA in both normal and sensitized mice, although the absorption of OVA in mice sensitized mice to OVA was lower than that in normal mice. In sensitized mice, a significant increase in the plasma histamine levels occurred along with an increase in plasma OVA levels after co-administration of OVA with SPM. These results indicate that excess oral ingestion of SPM may have widespread health effects, including the induction of food allergies, via modulation of the gastrointestinal epithelial barrier.
